INTRODUCTION
Diapause halts or delays development of insects at specific developmental stages, and enables synchronisation of life cycles to season (Danilevskii, 1961; Tauber & Tauber, 1976; Danks, 1987) . Diapause in the adult stage regulates the timing of oviposition of many species (Danilevskii, 1961; Masaki, 1980; Danks, 1987) .
Adult winter diapause has been reported in many species of long-day insect (Danilevskii, 1961; Tauber & Tauber, 1976; Danks, 1987) including most Coccinellidae species (Hodek, 1996) . In the lady beetles of genus Epilachna, ovarian diapause is induced by short day-length in E. vigintioctomaculata (Maki et al., 1964) , E. vigintioctopunctata (Kono, 1986 ) and E. varivestis (Taylor & Schrader, 1984) as well as the cool temperate Sapporo population of E. admirabilis (Hoshikawa, 2000) .
The ten-spotted lady beetle E. admirabilis Crotch is a univoltine species feeding on wild cucurbits such as Gynostemma pentaphyllum, Trichosanthes cucumeroides, T. kirilowii and Schizopepon bryoniaefolius. The food plants are perennial herbaceous lianas; their biomass is very small in spring becoming maximal in late summer. In Japan this lady beetle ranges from Hokkaido (northernmost) to Kyushu and is also present in Taiwan, China and Myanmar (Kurosawa et al., 1985) . In contrast to most Coccinellidae species, E. admirabilis hibernates as a fullgrown larva in warm (Kawano, 1934; Takeuchi & Tamura, 1994) and cool (Katakura, 1976; Hoshikawa, 1980) temperate zones. In addition, some individuals enter a second hibernation in the adult stage (Katakura, 1976; Hoshikawa, 1981; Takeuchi & Tamura, 1994) .
In warm temperate Tokyo (35°30´N), the posthibernating larvae pupate in April. The adults emerge between late-April and early-May and begin oviposition in mid-July (Kawano, 1934; Takeuchi & Tamura, 1994) . Similar findings were also obtained in Kyoto City (35°01´N; Imai, unpubl.). The observations suggest that the adults enter a summer diapause (Masaki, 1980) . If this is true, the species must have two different types of adult diapause; a winter diapause in cool temperate regions such as Sapporo and a summer diapause in warm temperate regions such as Tokyo and Kyoto.
This study was conducted in Kyoto City to clarify the life history traits of E. admirabilis in warm temperate Japan.
MATERIAL AND METHODS
Adults were collected within 24 h of emergence from tree trunks close to ground level in the Botanical Garden of Kyoto University, urban Kyoto, on 6-11 May 1972.
One female and two males were placed in a plastic cup and fed on fresh leaves of G. pentaphyllum. Each leaf consisted of one rachis and five leaflets. The adults feed on the epiderm of one side of the leaflets. Opposite to each rachis grows a tendril on which the females lay eggs. Rearing conditions were 25°C, 70-80% RH. Fifteen replicates were prepared for each of the Eur. J. Entomol. 101: 523-529, 2004 ISSN 1210 Abstract. In warm temperate and subtropical regions an adult summer diapause regulates the timing of oviposition. Epilachna admirabilis is a univoltine phytophagous lady beetle ranging from south to north Japan, Taiwan, China and Myanmar. In Japan the species hibernates in the full-grown larval stage. In cool temperate Sapporo (43°04´N) the adults never enter summer diapause but pass a second winter in diapause. This study revealed that in Kyoto (35°01´N), the adults had a summer diapause induced by an intermediate photoperiodic response; they had a critical photoperiod of approximately 14.5 h light per day. All females entered reproductive diapause under a long photoperiod of 16L (light) : 8D (dark) and 6.7% of them did so under shorter photoperiods of 13L : 11D and 12L : 12D. However, diapause incidence was 40% at 8L : 16D, suggesting the existence of a second critical photoperiod at a photophase slightly less than 8 h. Under a long day-length of 16L : 8D, fifteen replicates were held at 20°C or 30°C for 55 days after emergence. The procedure for manipulating the photoperiods is given in Table 2 .
In addition, 38 pairs of newly emerged adults were exposed to room temperature (approximately 16-27°C depending on seasons) under natural day-length by the end of July. On 1 August, seven pairs were transferred to 30°C, 16L : 8D, and 31 pairs to 25°C, 16L : 8D. Twelve of the 31 pairs were again transferred to room temperature and natural day-length on 21 August. This experiment finished on 26 September.
Six females and three males, which had been marked with lacquer paints and released in the summer of 1971, were recaptured in 28 May-24 June 1972. These were maintained on fresh leaves and tendrils at room temperature under natural day-length until they died in mid-July (the last death occurred on 17 July).
RESULTS

Photoperiodic response curve
The percentages of females that laid eggs within 70 days after emergence ranged between 0% at 16L : 8D and 93.3% at 12L : 12D and 13L : 11D ( Table 1 ). Females that did not lay any eggs within 70 days were considered to have entered a reproductive diapause. Thus diapause incidence (%) was estimated as 100 minus percent oviposition. Adult females showed a short-day response with a critical photoperiod of approximately 14.5 h light per day in the range of naturally relevant photoperiods in Kyoto (approximately 11-15.5 h light), but another threshold was suggested at a photophase slightly less than 8 h (Fig.  1 ).
Adult food consumption
On average an adult consumed approximately one leaf of G. pentaphyllum per day during the initial ten days following emergence. Then, the daily amount of food taken by reproductive adults decreased by approximately a half and diapausing adults ate none or only small parts of leaves.
Pre-oviposition period and egg-laying
The pre-oviposition period of non-diapausing females was shortest under 13L : 11D. A long pre-oviposition period of 66 days was observed in one female under 14L : 11D. The average number of eggs per female during the first 10 days after the beginning of oviposition ranged between 10.0 and 38.5, under 15L : 9D and 13L : 11D, respectively, with large variances under most photoperiods (Table 1) .
Effect of temperature under a long photoperiod
Females reared at 20°C or 30°C under a long photoperiod of 16L : 8D did not lay any eggs, similar to those reared at 25°C. The survival of diapausing adults decreased with time at 30°C but mortality did not increase during a period of 55 days after emergence at 25°C (Fig.  2) . Moreover, survival did not decrease at 20°C. Diapausing females at 30°C or 25°C under 16L : 8D did not commence oviposition even after they were transferred to a lower temperature of 25°C or 20°C respectively. A similar result was obtained when the rearing 524 1 confidence interval.
2 eggs laid per reproductive female for the initial 10 days after the beginning of oviposition. 
Effect of transfer between longer and shorter photoperiods
Non-diapausing females reproducing under photophases of 8-14 h per day ceased oviposition after they were transferred to a long photophase of 16 h. These females resumed oviposition after they were exposed to a shorter photophase of 13 h (Table 2) . Non-diapausing females entered diapause within seven days after transfer to a diapause-inducing photoperiod (16L : 8D) and, conversely, diapausing females resumed oviposition within five days after they were exposed to a diapauseterminating photoperiod (13L : 11D).
Similar results were obtained under semi-natural conditions (Fig. 3) . Females that had been exposed to room temperature under natural day-length began oviposition on 26 July, when natural day-length including 1 h civil twilight (hereafter, simply called day-length) was approximately 15 h. However, they ceased oviposition within six days after transfer to 16L : 8D at 25°C or 30°C on 1 August and no egg was laid until late September (the end of the experiment) under the same long-day condition. Such diapausing females recommenced oviposition 12-19 days after they were again transferred to room temperature and natural day-length on 21 August, when day-length was approximately 14 h.
Oviposition of post-hibernating females
Recapture rates of adults after hibernation were 13.1% (6 of 46) in females and 7.5% (3 of 40) in males. These post-hibernating adults did not lay any eggs under natural day-length of 15.2-15.5 h until they died in mid-July. Table 1. N -number of females tested. Numbers in duration column imply days after emergence. Number of eggs is indicated as average ± 95% confidence limits, or average only for insufficient sample sizes. 
DISCUSSION
Adult summer diapause
The Kyoto population of E. admirabilis was confirmed to have a summer diapause (Masaki, 1980) in the adult stage. Females enter reproductive diapause as a response to day-length longer than a critical photoperiod of approximately 14.5 h. Diapausing adults took none, or only a small amount of foods. Similar results were obtained in the field (Imai, unpubl.) . Therefore, in the Kyoto population of E. admirabilis, reproductive diapause is associated with aestival dormancy.
Similar adult summer diapause is reported in short-day insects such as the carabid beetles Nebria brevicollis and Patrobus atrorufus (Thiele, 1969) , the vegetable weevil Listroderes costirostris obliquus (Matsumoto, 1959) , the alfalfa weevil Hypera postica (Huggans & Blickenstaff, 1964) , the Egyptian alfalfa weevil H. brunneipennis (Chuka Madubunyi, 1978) , the burying beetle Nicrophorus quadripunctatus (Nisimura et al., 2002) , the satyrine butterfly Minois dryas (Kida et al., 1997) , the oriental green stink bug Nezera antennata (Noda, 1984) , the cabbage bug Eurydema rugosum (Ikeda-Kikue & Numata, 2001) , and Poecilocoris lewisi bug (Tanaka et al., 2002) . Many other examples are described in Masaki (1980) and Danks (1987) .
Duration of diapause
Diapause intensity varies among individuals within the same species (Tauber & Tauber, 1976; Danks, 1987) . The pre-oviposition period of one female under 14L : 10D was as long as 66 days. This female, although defined as non-diapausing in this paper, may have entered a short diapause and terminated it without any environmental cue. This experiment finished 70 days after adult emergence and it is therefore unknown whether a long diapause of over 70 days can be terminated without any environmental changes. Nonetheless there is a report that adult summer diapause in the vegetable weevil L. costirostris obliquus was maintained for more than 199 days at 16L : 8D (Matsumoto, 1959) .
Effect of temperature on diapause
Photoperiodic response varies depending on temperature in many species (e.g., McMullen, 1967; Tauber & Tauber, 1976; Danks, 1987; Gomi, 1997; Nisimura et al., 2002) . In E. admirabilis, however, different level of and stepwise decrease in temperature of 30°C, 25°C and 20°C did not affect the incidence and termination of diapause under a long photoperiod of 16L : 8D. The effect of temperature at the other photoperiods is unknown but the present results suggest that if there is any it is small. A high temperature of 30°C induced great mortality in diapausing adults, whereas lower temperatures of 25°C and 20°C showed no such effect.
Reversibility of photoperiodic induction, maintenance and termination of diapause
In E. admirabilis, photoperiod reversibly regulates the induction, maintenance and termination of the adult diapause.
A similar reversible or recurrent photoperiodic control of ovarian development is reported in the bean bug Riptortus clavatus (Numata & Hidaka, 1982) , the squash bug Anasa tristis (Nechols, 1988) , the willow leaf beetle Plagiodera versicolora (Ishihara & Hayashi 2000) and the lady beetle E. vigintioctomaculata (Maki et al., 1964) . However, in contrast to the Kyoto population of E. admirabilis, the above mentioned four insects are long-day species. Summer diapause is usually induced by long day-length and terminated by short day-length (Masaki, 1980) . The current result is a new example of the photoperiodic control of adult summer diapause.
Photoperiodic sensitivity and diapause development in newly emerged adults
Many species that enter adult diapause are sensitive to photoperiodic cues in the few days to a week after emergence (Danks, 1987) . However, the bug Pyrrhocoris apterus is sensitive throughout the whole life (Hodek, 1968) . Similarly, in E. admirabilis, the photoperiodic sensitivity of newly emerged adults lasts at least from spring to autumn.
Diapause development is a process that may end either with, or without, specific cues (Danks, 1987) . In E. admirabilis, experimental manipulation of photoperiods suggests that seven long days (16L : 8D) are required to induce adult diapause and that five short days (13L : 11D) are required to terminate it. Moreover the experiment in semi-natural conditions suggests that 12-19 days with day-length decreasing daily from 14 h are required to terminate the diapause. Thus, diapause development in E. admirabilis is accelerated remarkably by stationary or shortening day-length below the critical level. However, we do not know whether diapause development proceeds under diapause-inducing long-day conditions when the adults are exposed to them for longer than 70 days.
Adult hibernation and post-hibernation sensitivity to photoperiod
Mark-release-recapture studies clarified that a number of adults enter the second hibernation (diapause or quiescence) in Kyoto as at Sapporo (Katakura, 1976; Hoshikawa, 1981) and Tokyo (Takeuchi & Tamura, 1994) . In the Sapporo population, adults enter a hibernating diapause as a response to short day-length of < 14.5 h (Hoshikawa, 2000) . In Kyoto City, day-length is approximately 11 h in late November. Fig. 1 suggests that the diapause incidence of the Kyoto population is far less than 40% under such day-length. Therefore, only a small number of adults are considered to enter winter diapause as their second hibernation in Kyoto.
Post-hibernating females did not lay any eggs before they died in mid-July when day-length was still long enough to induce or maintain reproductive diapause. A similar death of post-hibernating adults is also known in Tokyo (Takeuchi & Tamura, 1994) . This may suggest that they either never lost sensitivity to photoperiod and entered reproductive diapause as a response to long daylength, or that they lost reproductive ability after hibernation.
In E. vigintioctomaculata, both post-hibernating females and newly emerged individuals that had experienced 5°C for 40 days lost their sensitivity to photoperiod and developed ovaries irrespective of day-length (Maki & Kurihara, 1965) . Conversely, in the Sapporo population of E. admirabilis, post-hibernating females did not lose the photoperiod sensitivity and these insects began and stopped oviposition as a response to long and short daylength, respectively (Hoshikawa, 2000) . Similarly, in the Kyoto and Tokyo populations of the same species, post hibernating females might maintain a sensitivity to photoperiod although the females that can lay eggs in the second year would be few because of the long time interval before the oviposition season.
Hodek (1971) reported the restoration of the photoperiodic response after diapause in adult Aelia acuminata bugs and he predicted that this type of post-diapause regulatory mechanism of reproduction would be observed in many other insect species (Hodek, 1999) . Epilachna admirabilis is one of such species. For a review on recurrent photoperiodic response see Hodek & Hodková (1992) .
Intermediate photoperiodic response
Epilachna admirabilis has an intermediate form (Danilevskii, 1961 ) of photoperiodism. The photoperiodic response curve is almost a mirror image of that observed in the aedine mosquito Aedes atropalpus (Beach & Craig Jr., 1977) and the bean bug R. clavatus (Numata & Hidaka, 1982) .
Intermediate responses with two critical photoperiods occur in larvae of the cabbage moth Mamestra brassicae (Masaki, 1956) , prepupae of the sawfly Athalia japonica (Nagasaka, 1992; Uchidoi & Takeda, 1997) and adults of the aphidophagous lady beetle Coccinella novemnotata (McMullen, 1967) . In these multivoltine species, their spring generation enters summer diapause as a response to long day-length, while their autumn generation enters winter diapause as a response to short day-length. In contrast, the Kyoto population of E. admirabilis encounters with and responds to only one, longer critical photoperiod through its whole life in the field.
Intermediate photoperiodism might have caused two different forms of adult diapause
In the Sapporo (43°04´N) population of E. admirabilis, new adults emerge in late June to early July and begin oviposition in mid-to late July. They then enter reproductive diapause in mid-August as a response to short daylength < 14.5 h (Hoshikawa, 2000) . This population is of long-day type in contrast to the Kyoto (35°01´N) population, at least, in the range of naturally relevant photophases.
Similar relations are known in other univoltine species. In the pentatomid bug Carbula humerigera, the Tottori (35°30´N) population enters adult summer diapause at long day-length (Fukuda & Chiyonishio, 1981) while the Hirosaki (40°37´N) population enters adult reproductive diapause at short day-lengths although adult hibernation has not been determined (Kiritani, 1987) . This species hibernates in nymphal diapause in both the north (Kiritani, 1987) and south populations (Fukuda & Chiyonishio, 1981) , similar to E. adimirabilis. In adults of the aphidophagous lady beetle Coccinella septempunctata, the subspecies C. s. septempunctata in higher latitude central Europe and central Asia has a long-day response while the subspecies C. s. brucki in lower latitude central Japan has a short-day response (Hodek et al., 1984) . Even within the same subspecies C. s. brucki, the higher latitude Sapporo population demonstrates a long-day response (Okuda & Hodek, 1994) . Hereafter, a speculation is proposed as for latitudinal difference in the photoperiodic responses of E. admirabilis in Japan.
In long-day species, such as two species of moth Acronycta rumicis (Danilevskii, 1961) and Hyphantria cunea (Gomi, 1997) , the green lacewing Chrysopa carnea (Tauber & Tauber, 1972 ) and a predatory bug Orius sauteri (Ito & Nakata, 2000) , the photoperiodic response (PR) curve and the critical photoperiod shift towards longer photophases as the latitudes of their habitats increase. Similar latitudinal clines of PRs are reported in many other long-day species (Danks, 1987) .
Since Epilachna species might have originated in the low latitude localities where they are most diversified (Schaefer, 1983) , E. admirabilis must have expanded its distribution from low-to higher latitudes in Japan while maintaining a univoltine life cycle. Both in Sapporo (Katakura, 1976; Hoshikawa, 2000) and Kyoto this lady beetle hibernates in the full-grown larval stage, although some individuals may pass the second winter as adults. In higher latitude areas, where day-length is longer from vernal to autumnal equinox and temperature is always lower, adults of this univoltine insect emerge later and they have to lay eggs earlier to enable their progenies to complete egg-to-larval development before larval hibernation. Thus, the duration of adult summer diapause would become shorter at higher latitudes (Masaki, 1980) . To realize this, the insects have to shift their PR curve and critical photoperiod towards longer photophases and shorten the range of diapause-preventing photophases.
In Sapporo, E. admirabilis lost adult summer diapause while it acquired a "winter" (late August to April) diapause induced by short day-length (Hoshikawa, 2000) . There is no information on the critical latitude at which summer diapause was lost, but it may have been either at the latitude of Sapporo or a slightly more southern locality.
We assume here that the summer diapause was lost when a northerly dispersing population arrived at Sapporo. As schematically shown in Fig. 4 , natural selection for increasing latitudes might have forced this population to avoid adult summer diapause by modifying its PR curve to the form of curve-A. In curve-A PRs, diapauseinducing photophases are longer than the naturally relevant day-length in Sapporo (10-16.5 h), the range of diapause-terminating photophases is narrower than that of the Kyoto population and diapause incidences are slightly higher than those in the Kyoto population at photophases shorter than diapause-terminating ones. The last one of these changes might have developed as an adaptation to colder winters at higher latitudes compared to that of Kyoto.
However, the PRs of curve-A do not enable most adults to enter winter diapause because of low diapause incidence at the naturally relevant photophases of < 15 h. Under such circumstances, individuals that enter adult diapause and survive cold winters in Sapporo (mean temperature is -4.6°C in January; National Astronomical Observatory, 1994) will obtain high fitness if they can commence the second oviposition in the following summer. Natural selection for a second oviposition might have driven adult winter diapause in the population that arrived at Sapporo. Thus, the population with PR curve-A would have been forced to increase diapause incidence to 100% at photophases < 14 h and, as a result, developed a long-day PR with a critical photoperiod of approximately 14.5 h, that is, in the range of naturally relevant photophases in Sapporo. Adult diapause at photophases < 14.5 h also enables the population to avoid futile oviposition in late August or later, when the remaining summer is insufficient to complete larval development before the onset of winter (Hoshikawa, 2000) .
Thus, the long-day Sapporo population must have changed from the intermediate diapause type of the Kyoto population to a northern population with curve-A PRs shown in Fig. 4 or with similar responses. . Curve A is unconfirmed imaginary photoperiodic response curve at an intermittent step from the Kyoto towards the Sapporo population. Refer to text for further details.
